1. Introduction {#sec1-ijerph-16-03171}
===============

During the last decades, obesity has reached epidemic proportions in both the developing and the developed world \[[@B1-ijerph-16-03171]\]. As a direct consequence, the global burden of obesity-related comorbidities has been substantially increased. Overall and visceral adiposity are implicated in the pathogenesis of insulin resistance and type 2 diabetes mellitus (T2DM) \[[@B2-ijerph-16-03171]\] and hence, epidemiological trends for obesity are paralleled by a propensity towards a higher prevalence of T2DM \[[@B3-ijerph-16-03171],[@B4-ijerph-16-03171]\]. Although the slope of the linear relationship between excess body weight and T2DM is not identical across all ethnic groups, the causal link between these two conditions is such that they are often viewed as a joint burden, composing the global epidemic of "diabesity" \[[@B5-ijerph-16-03171],[@B6-ijerph-16-03171],[@B7-ijerph-16-03171],[@B8-ijerph-16-03171]\].

The medical management of T2DM typically consists of lifestyle modifications and specific glucose-lowering medications. The latter are targeted at maintaining glucose levels within an acceptable range, while the former aim to achieve weight loss through diet, increased physical activity and behavioral therapy, in order to beneficially modulate the underlying pathophysiology of T2DM \[[@B9-ijerph-16-03171]\]. Although most individuals benefit from these conservative approaches in the short term, a durable and clinically significant weight loss and its associated metabolic improvement is rarely, if ever, achieved \[[@B10-ijerph-16-03171]\]. Furthermore, despite major advances in recent years, diabetes pharmacotherapy is often oriented towards managing only hyperglycemia, which could be considered to be the "tip of the iceberg" among the numerous metabolic perturbations of the disease.

The remarkable effects of bariatric surgery regarding sustained weight loss and metabolic amelioration have gradually gathered attention and highlight the potential of surgery to serve as a therapeutic modality for T2DM. By addressing various complementary pathogenetic mechanisms, bariatric surgery appears to be promising with regard to the reversal of the metabolic abnormalities leading to overt T2DM. The philosophy behind bariatric surgical procedures has gradually shifted from weight loss per se to targeting additional cardiometabolic improvement, and indications have been broadened to include individuals with varying levels of adiposity and poorly controlled T2DM \[[@B11-ijerph-16-03171]\]. For the first time in the history of diabetes therapy, a therapeutic approach has emerged, which holds promise not only as an effective management tool but also as a potential cure.

In the present review, the concept of what defines a cure or remission of T2DM is critically discussed. Furthermore, the available evidence regarding the effects of bariatric surgery on T2DM remission and its related pathophysiological mechanisms are concisely reviewed, along with the major factors that may predict T2DM remission following surgery.

2. Overview of Interventions {#sec2-ijerph-16-03171}
============================

Although bariatric procedures were traditionally categorized into restrictive, malabsorptive or mixed, it has become clear that there are no definitive separating lines regarding the underlying mechanisms that drive weight loss and metabolic amelioration following different types of surgery \[[@B12-ijerph-16-03171]\]. Currently, the most commonly used bariatric procedures comprise the following ([Figure 1](#ijerph-16-03171-f001){ref-type="fig"}):

-   Laparoscopic adjustable gastric banding (AGB) refers to the placement of an adjustable silicon band around the upper part of the stomach. This isolates the gastric segment proximal to the band to create a small gastric pouch, thereby restricting the effective gastric volume. The size of the band and thus the degree of restriction can be adjusted by adding or removing saline solution through a subcutaneously inserted port. Despite being minimally invasive and deprived of major complications, AGB frequently fails to yield major results in magnitude and duration, owing to its one-dimensional approach and the potential for the patient to bypass the restriction by modifying diet quality towards more liquid foods. Its use is currently decreasing, being gradually displaced by the other bariatric procedures \[[@B13-ijerph-16-03171]\].

-   Biliopancreatic diversion (BPD) is a mixed restrictive/malabsorptive procedure which was originally introduced by Scopinaro in 1979 \[[@B14-ijerph-16-03171]\]. It includes a partial horizontal gastrectomy and anastomosis of the gastric remnant in the distal 250 cm of the small intestine (alimentary limb), while the diverted proximal intestine carries biliopancreatic secretions. The latter is anastomosed to the alimentary limb at a varying distance from the ileocecal valve, which determines the degree of malabsorption. The procedure was later modified to include a vertical gastrectomy instead, with preservation of the pylorus and a duodeno-intestinal anastomosis, in order to prevent post-surgical dumping syndrome \[[@B15-ijerph-16-03171]\]. Although BPD has the highest success rates regarding weight loss and metabolic improvement among all bariatric procedures, its technical difficulties and high rates of perioperative and long-term complications confine its use to individuals with massive obesity or as salvage therapy after other procedures have failed.

-   Roux-en-Y gastric bypass (RYGB) includes the creation of a small-volume gastric pouch which is anastomosed to the distal part of the jejunum (alimentary limb). The limb carrying biliopancreatic secretions is anastomosed typically 150 cm distally to the gastro-jejunostomy. RYGB has a balanced safety-efficacy profile and is considered to be the "gold standard" in the surgical therapy of obesity and T2DM \[[@B16-ijerph-16-03171]\].

-   Vertical sleeve gastrectomy (VSG) involves the resection of the major proportion of the fundus and corpus of the stomach, leaving a tube-shaped gastric residue. It was originally the first part of a two-step approach for biliopancreatic diversion in high-risk individuals. Its effectiveness and operative simplicity have led to VSG being performed as a stand-alone procedure. It is currently the most common procedure among all bariatric modalities in the USA \[[@B13-ijerph-16-03171]\].

The most commonly performed bariatric operations comprise VSG and RYGB \[[@B13-ijerph-16-03171]\]. All types of surgery are currently performed laparoscopically, unless otherwise indicated.

3. Mechanisms of Type 2 Diabetes Mellitus (T2DM) Remission Following Bariatric Surgery {#sec3-ijerph-16-03171}
======================================================================================

A cascade of anatomical and physiological alterations and subsequent metabolic adaptations exert beneficial effects on insulin production and sensitivity after bariatric surgery, leading to amelioration of hyperglycemia or even restoration of euglycemia. Although from a clinical point of view the distinction between the separate mechanisms of metabolic improvement following surgery is not always feasible or necessary, the major contributory factors can be separated into those related to weight loss and those that are weight-loss independent.

There is a continuous relationship between weight loss and the consequent improvement in glycemic levels and the probability of T2DM remission. The results of the The Diabetes Remission Clinical Trial (DiRECT), in which lifestyle measures consisting primarily of a stringent dietary management and increased physical activity were implemented, provide a striking example for this notion; in the DiRECT trial, there was an ascending probability of T2DM remission across categories of increasing absolute weight loss, ranging from 3.6% to 86.1% at the end of the first year and 5.2% to 70% at the end of the second year, for individuals losing \< 5 kg and ≥ 15 kg of body weight, respectively \[[@B17-ijerph-16-03171]\]. Of note, there was a low absolute number of participants achieving a notable loss of weight in the cohort of DiRECT participants; just over 15% of participants retained a loss of ≥ 15 kg after 2 years while over half did not achieve relevant weight loss (\< 5 kg) \[[@B18-ijerph-16-03171]\]. In the case of bariatric surgery, the major drive for weight loss is the post-operative establishment of a state of profound negative energy balance, leading to the long-term restoration of peripheral insulin sensitivity \[[@B19-ijerph-16-03171]\]. The sustained reductions in energy intake post-surgery primarily depend upon the reduction of hunger and induction of satiety. This may relate to either early post-prandial distention of a reduced-capacity upper gastrointestinal pouch sending satiety signals through the afferent vagal pathways, or to the modulation of hunger and satiety signaling networks in subcortical brain areas regulating energy intake. The latter mechanism involves an augmented post-prandial secretion of satiety-inducing gut peptides such as glucagon-like peptide 1 (GLP-1), peptide YY (PYY) and oxyntomodulin (OXM), combined with a diminished secretion of orexigenic hormones such as ghrelin and possibly altered leptin signaling in the hypothalamus \[[@B19-ijerph-16-03171]\]. Additional factors promoting weight loss after bariatric surgery include increased total energy expenditure and enhanced meal-induced thermogenesis \[[@B20-ijerph-16-03171],[@B21-ijerph-16-03171],[@B22-ijerph-16-03171]\], post-surgical changes in gut microbiota and altered bile acid physiology \[[@B19-ijerph-16-03171]\].

The fact that an improvement in glycemic indices is observed as early as within a few days post-operatively, before any clinically significant weight loss is achieved, suggests the presence of weight-loss independent mechanisms of metabolic amelioration following bariatric surgery. The acute drastic caloric restriction in the post-operative period may partly account for these effects, since it may contribute to normalization of plasma glucose levels, improvement in beta cell function, and enhancement of hepatic insulin sensitivity in patients with T2DM \[[@B23-ijerph-16-03171],[@B24-ijerph-16-03171]\]. It could even restore the impaired first phase of insulin secretion, which is an early hallmark in the course of T2DM pathogenesis \[[@B23-ijerph-16-03171]\]. Gut peptide dynamics including humoral satiety signals and mediators of the incretin effect (which is impaired early in the course of T2DM) may also undergo robust changes following both VSG \[[@B25-ijerph-16-03171]\] and RYGB \[[@B26-ijerph-16-03171],[@B27-ijerph-16-03171]\]. This is presumably due to the accelerated contact of ingested nutrients with specialized entero-endocrine cells residing in distal parts of the gastrointestinal tract (the so called "hindgut hypothesis"). Another putative mechanism regarding the observed metabolic reconstitution after bariatric surgery involves the anti-apoptotic effects of GLP-1 and PYY on pancreatic beta cells \[[@B28-ijerph-16-03171],[@B29-ijerph-16-03171],[@B30-ijerph-16-03171]\]. Although most available data are derived from in vitro and animal studies, the increased GLP-1 and PYY levels after surgery may contribute to the preservation of beta cell mass and function in the long term by inhibiting beta cell apoptosis \[[@B31-ijerph-16-03171],[@B32-ijerph-16-03171],[@B33-ijerph-16-03171]\]. Apart from adaptations in post-prandial gut peptide responses, additional humoral mechanisms may contribute to the restoration of insulin sensitivity following surgery. Perakakis et al. have recently shown that reduced circulating follistatin levels 3 months after RYGB or VSG are able to predict improvements in fasting plasma glucose (FPG), glycated hemoglobin (HbA1c) and insulin resistance 12 months post-operatively, both in individuals with and without T2DM \[[@B34-ijerph-16-03171]\]. Additional factors with a presumed weight-loss-independent role in metabolic improvement post-surgery include increased glucose utilization from the intestine, and alterations of gut microbiota \[[@B35-ijerph-16-03171]\].

4. The Challenge of Defining T2DM Remission {#sec4-ijerph-16-03171}
===========================================

T2DM diagnosis is based on sharply defined cut-off values of laboratory parameters determined through standardized and quality-controlled methods \[[@B36-ijerph-16-03171]\]. In general, these criteria are widely accepted by national diabetes societies worldwide and implemented for use in the corresponding local guidelines. Moreover, the "gray zone" of glycemic indices also known as prediabetes, is also sharply delineated by glucose and HbA1c values belonging neither to the normoglycemic nor to the T2DM range. All this leaves little margin for debate over the identification of an individual's position across the spectrum of glycemic control.

In contrast, there has been substantially less homogeneity with regard to the criteria defining diabetes remission, or even the potential to characterize the restoration of normoglycemia in an individual previously diagnosed with T2DM. In general, T2DM has been historically considered an intractable condition. Its overt manifestation marks a decline of beta cell function below a certain threshold, where hyperglycemia emerges as a consequence of both reduced glucose uptake from insulin-resistant peripheral tissues and increased hepatic glucose output. From this point on, even if hyperglycemia is adequately controlled by antidiabetic agents, there is further ongoing loss of beta cell mass and function \[[@B37-ijerph-16-03171]\]. Given that the vicious circle of insulin resistance, hyperinsulinemia and loss of beta cell function eventually leading to overt T2DM, may be tackled by addressing the factors that contribute to insulin resistance, there is a pathophysiological rationale for the interception of the pathogenesis of T2DM or even its reversal. This could be defined as a restoration of an energy homeostatic state in which the available secretory reserves of the pancreatic beta cells would suffice to maintain plasma glucose levels below the diabetic threshold, in the absence of the need for antidiabetic agents for a considerable period of time.

The most widely accepted definition for T2DM remission emerged from an American Diabetes Association (ADA) multidisciplinary expert panel consensus in June 2009 \[[@B38-ijerph-16-03171]\]. After addressing the challenges implicated in the delineation of a cure or remission of T2DM, this panel provided a definition based on three criteria: glycemia below diabetic range, absence of treatment, and sustainability over time. Specifically, provided that there is no ongoing drug treatment, diabetes remission was defined as: Partial, when glycemic indices fall into the pre-diabetic range (HbA1c 5.7--6.4%, FPG 100--125 mg/dL) for at least 1 year;Complete, when normoglycemia is restored (HbA1c \< 5.7%, FPG \< 100 mg/dL) for at least 1 year;Prolonged, defined as a complete remission of at least 5 years' duration.

These definitions do not distinguish between the two major types of diabetes or the means by which remission is achieved. The panel has also provided recommendations regarding the need for continued screening for diabetes-related complications \[[@B38-ijerph-16-03171]\]. Of note, no consensus was reached regarding glucose values obtained during an oral glucose tolerance test (OGTT). Still, the straightforwardness and ease of application of these criteria allow for their broad-scale use for "screening" and monitoring changes during long-term follow up, as well as for assessment of the effects of different treatments on diabetes remission. Nevertheless, they are subject to certain drawbacks similar to those acknowledged for their use in diabetes screening, i.e., pre-analytical instability for FPG \[[@B39-ijerph-16-03171]\], and biological and analytical variability for HbA1c \[[@B40-ijerph-16-03171]\]. In the case of bariatric surgery, additional caution is warranted when using HbA1c as an index of remission, since certain clinical conditions with the potential to affect HbA1c values (and consequently compromise its utility as an indicator of glycemic levels) may occur more frequently in bariatric surgery patients (i.e., iron or vitamin B12 deficiency) \[[@B40-ijerph-16-03171],[@B41-ijerph-16-03171]\]. Another area of potential controversy that most T2DM remission definition approaches share is the lack of a specified minimum timeframe that would be considered essential for diabetes medication to have been discontinued ("off-treatment" status).

Among studies reporting T2DM remission rates after medical or surgical interventions, there is a substantial lack of agreement regarding the criteria used to define remission. This is also the case for studies published after the establishment of the ADA consensus criteria ([Table 1](#ijerph-16-03171-t001){ref-type="table"}).

5. Observational Studies and Randomized Clinical Trials (RCTs) Regarding T2DM Remission {#sec5-ijerph-16-03171}
=======================================================================================

The earliest documentation of the "curative" potential of the RYGB procedure for T2DM and other obesity-related comorbidities was published even before the results of the United Kingdom Prospective Diabetes Study (UKPDS) irreversibly changed the landscape of T2DM therapeutics. The breakthrough study by Pories et al. reported the results of a long-term follow up of 608 morbidly obese patients post-RYGB, 27% of whom had T2DM and another 27% impaired glucose tolerance (IGT). The authors found that by the end of the 14-year follow up, 82.9% of T2DM and 98.7% of IGT patients maintained FPG and HbA1c values within the euglycemic range \[[@B42-ijerph-16-03171]\]. There is no doubt that the definition of euglycemia and even more so the quality control of HbA1c laboratory measurements were not as standardized as nowadays. However, this study acted as a paradigm shift for the years to follow. The authors also recognized older age and longer T2DM duration as factors predicting the persistence of hyperglycemia \[[@B42-ijerph-16-03171]\].

The ongoing prospective, multicenter, non-randomized Swedish Obese Subjects Study (SOS), followed 2010 surgically treated obese patients (RYGB, AGB or vertical banded gastroplasty (VBG)) and 2037 conventionally managed matched controls over a period of over two decades \[[@B68-ijerph-16-03171]\]. Among the outcomes of the study was the incidence of new cases of T2DM, T2DM remission and relapse and incidence of diabetes complications. Regarding the potential of T2DM prevention through bariatric surgery, over a median follow up of 10 years, the incidence rate of new cases of T2DM was 6.8 cases per 1000 person-years and 28.4 cases per 1000 person-years after surgery and conservative management, respectively \[hazard ratio (HR) 0.17 (95% confidence interval (CI) 0.13 to 0.21)\] \[[@B53-ijerph-16-03171]\]. In the same cohort, the effect of surgery on diabetes remission and complications prevention was assessed in a subpopulation of individuals with T2DM at baseline (343 in the surgery arm and 260 in the control group). Diabetes remission rates at 2, 10 and 15 years of follow up were 72.3%, 38.1% and 30.4% respectively, significantly higher than those observed in the conventionally treated arm. Although the surgically treated arm consisted of individuals having undergone a variety of operational modalities (RYGB, AGB or VBG), there was no impact of type of surgery on T2DM remission. It should be also noted that the criterion for T2DM remission was FPG \< 110 mg/dL in the absence of antidiabetic treatment \[[@B69-ijerph-16-03171]\]. After a median follow up of 18.1 and 17.6 years for surgically and conventionally treated patients respectively, the rate of diabetes complications was significantly lower in the surgical arm (cumulative incidence 20.6 vs. 41.8 per 1000 person-years for microvascular and 31.7 vs. 44.2 for macrovascular complications) \[[@B69-ijerph-16-03171]\].

In a prospective Utah-based study, Adams et al. examined the effects of RYGB among 1146 individuals with at least grade II obesity (418 RYGB, 417 controls seeking but not undergoing surgery, 321 controls selected from a population-based sample, 88, 93 and 88 with T2DM at baseline, respectively). At the end of the 6-year follow up, participants in the RYGB arm had lost an average of 27.7% of their initial body weight compared with a gain of 0.2% and 0% for the two control groups. Using the "normalization" of FPG and HbA1c values in the absence of antidiabetic treatment as a diabetes remission criterion, the authors reported T2DM remission rates of 75% and 62% at 2- and 6-years post-surgery for the surgically treated arm, significantly higher than those observed in the control groups. A significantly lower incidence of new cases of T2DM was also found in the surgical group \[[@B54-ijerph-16-03171]\]. A previous retrospective study of the same group examined the effect of RYGB on various long-term outcomes in a cohort of 7925 patients undergoing RYGB and an equal number of age-, gender- and body mass index (BMI)-matched morbidly obese untreated control subjects. After a median follow up of 7.1 years, the authors reported a 92% reduction in diabetes-related deaths in operated patients \[[@B70-ijerph-16-03171]\].

In a non-randomized controlled study, Iaconelli et al. aimed to examine the effect of BPD versus conventional antidiabetic management on the incidence of long-term diabetic complications among 110 newly diagnosed T2DM individuals with at least grade II obesity. T2DM remission was a secondary endpoint of this study. At the end of the first year post-surgery, all BPD patients had experienced diabetes remission, which was further maintained throughout the 10-year follow up for all patients who completed the study, fulfilling the criterion of a prolonged remission as defined by the ADA \[[@B38-ijerph-16-03171]\]. The corresponding rate in the conventionally treated group was 45%. At the end of the follow up period, remission rates of T2DM and weight loss were significantly higher in the BPD group. These effects were accompanied by a regression of microalbuminuria and a lower incidence and progression of nephropathy, as well as by a lower incidence of coronary artery disease \[[@B49-ijerph-16-03171]\].

The Surgical Treatment and Medications Potentially Eradicate Diabetes Efficiently (STAMPEDE) trial is a study designed to examine the efficacy of bariatric surgery plus medical management compared to optimal medical management alone for glycemic control among poorly controlled T2DM individuals. Features that designate STAMPEDE as a landmark study in the field include its randomized controlled design (participants randomized in the RYGB, VSG and control arms in a 1:1:1 ratio), the inclusion exclusively of participants with T2DM, the ongoing long-term follow up of the cohort, the utilization of the most commonly used bariatric surgical modalities (VSG and RYGB) \[[@B13-ijerph-16-03171]\], and most importantly, its primary endpoint which is the percentage of participants with HbA1c \< 6% irrespectively of active antidiabetic treatment. Although this endpoint does not fall into the ADA consensus definition for remission, it can still be viewed as a composite of the achievement of optimal glycemic control post-surgery. In other words, STAMPEDE is a RCT testing the hypothesis that bariatric surgery may have a "curative" potential for T2DM. Across RYBG, VSG and control groups, the primary endpoint occurred in 42%, 37% and 12% at the end of the first year, 28%, 24% and 5% at the end of the third year, and 29%, 23% and 5% at the end of the fifth year post-surgery, with the differences being statistically significant for both surgically treated groups vs. controls \[[@B51-ijerph-16-03171],[@B71-ijerph-16-03171],[@B72-ijerph-16-03171]\]. The use of glucose-lowering medications was lower among individuals in the RYGB and SG groups compared to controls at all studied time points \[[@B51-ijerph-16-03171],[@B71-ijerph-16-03171],[@B72-ijerph-16-03171]\]. Regarding the outcome of glycemic control without the use of antidiabetic agents, which corresponds to HbA1c values consistent with complete T2DM remission according to the ADA definition, the corresponding rates were 42%, 27% and 0% at year 1, 35%, 20% and 0% at year 3 and 22.4%, 14.9% and 0% at year 5, respectively \[[@B51-ijerph-16-03171],[@B71-ijerph-16-03171],[@B72-ijerph-16-03171]\]. The percentages of patients with HbA1c \< 6.5% without the use of antidiabetic agents, equivalent to HbA1c values for partial or complete remission, were 46%, 29% and 0% at year 3, and 30.6%, 23.4% and 0% at year 5, respectively \[[@B71-ijerph-16-03171],[@B72-ijerph-16-03171]\].

A preceding RCT by Dixon et al. compared the efficacy of AGB versus conventional medical treatment for T2DM remission (defined as FPG and HbA1c values \< 126 mg/L duration \< 2 years). After 2 years of follow up, remission rates were 73% in the AGB group and only 13% in the medical management group. Of note, the probability of remission was positively related to the magnitude of weight loss and negatively related to baseline HbA1c \[[@B48-ijerph-16-03171]\].

Another landmark study in the field by Mingrone et al. compared T2DM remission rates (FPG \< 100 mg/dL and HbA1c \< 6.5% without antidiabetic treatment for at least 1 year) between three groups of patients (RYGB, BPD and conservatively treated) with T2DM of at least 5 years' duration, preoperative BMI of ≥ 35 kg/m^2^ and HbA1c values ≥ 7% \[[@B52-ijerph-16-03171]\]. The reported remission rates were 95%, 75% and 0% at 2 years for the BPD, RYGB and conservative arms, respectively \[[@B52-ijerph-16-03171]\], which was sustained in 63% and 39% of patients after 5 years for BPD and RYGB, respectively \[[@B73-ijerph-16-03171]\]. Despite the observed rate of relapse, overall glycemic control with or without treatment and medication use were significantly lower in the surgically treated arms, while diabetes-related complications were observed only in the conservatively treated group \[[@B73-ijerph-16-03171]\].

The CROSSROADS trial (Calorie Reduction Or Surgery: Seeking to Reduce Obesity And Diabetes Study) compared the effects of RYGB versus an intensive non-surgical medical therapy combined with lifestyle intervention on T2DM remission (defined as HbA1c \< 6% off antidiabetic medication), among individuals with T2DM and a baseline BMI ranging between 30 and 45 kg/m^2^. T2DM remission rates were 60% and 5.9% for the RYGB and non-surgical arms, respectively. Of note, individuals in the RYGB-treated group had longer T2DM duration, higher baseline HbA1c and greater use of insulin than the control group \[[@B64-ijerph-16-03171]\].

The superior efficacy of bariatric surgery to induce diabetes remission compared to conservative management has been further demonstrated in subjects within the overweight range. A RCT by Wentworth et al. examined the metabolic effects of AGB when added to multidisciplinary diabetes care in overweight individuals with T2DM. At two years, T2DM remission rates were 52% in the surgical versus 8% in the control group receiving conservative treatment only. Remission was defined as glucose values in the non-diabetic range during an OGTT performed at least two days after discontinuation of glucose-lowering medications \[[@B59-ijerph-16-03171]\].

Another RCT by Courcoulas et al. compared the effects of RYGB, AGB and non-surgical treatment on T2DM remission (as defined by the ADA) among individuals with T2DM and obesity grades I-II. The rates of partial and complete T2DM remission after 1 year of follow up were 50/17%, 27/25% and 0/0% for the RYGB, AGB and medically treated arms, respectively \[[@B60-ijerph-16-03171]\]. After 3 years of follow up, remission (partial and complete) within the cohort was 40%, 29% and 0% for RYGB, AGB and the control group, respectively \[[@B74-ijerph-16-03171]\].

6. Factors that Predict T2DM Remission after Bariatric Surgery {#sec6-ijerph-16-03171}
==============================================================

Not all individuals with T2DM experience remission after bariatric surgery. Unsurprisingly, the improvement of glycemic control relates to the degree of weight loss after surgery \[[@B75-ijerph-16-03171]\], while less profound weight loss during the first postoperative year and greater weight regain may predict T2DM relapse \[[@B76-ijerph-16-03171]\].

When considering surgery for a patient with T2DM as a potentially "curative" option, it would be of major importance to determine potential preoperative characteristics at patient level which could reliably predict diabetes remission following surgery. [Table 2](#ijerph-16-03171-t002){ref-type="table"} reviews patient-level characteristics identified as predictive of T2DM remission following surgery among different studies.

As early as in the pioneer study by Pories et al., non-responders to bariatric surgery were identified to be of older age and longer T2DM duration than those who were restored to euglycemia. It was unclear, however, whether the effects of age and T2DM duration were independent \[[@B42-ijerph-16-03171]\]. Accumulating evidence from landmark studies in the field consolidated early observations and contributed to the development of prognostic scoring systems. In a retrospective analysis of 505 obese T2DM patients undergoing RYGB, Blackstone et al. reported a complete remission rate of 43.2% 14 months after surgery, while a longer T2DM duration, insulin use and poor preoperative glycemic control were identified as predictors of non-remission \[[@B77-ijerph-16-03171]\]. Chikunguwo et al. analyzed data from 177 patients with T2DM who underwent RYGB and for whom long-term (\> 5 years) follow up data were available. T2DM remission was defined as the lack of need for antidiabetic treatment at any time point during the postoperative course, while durable remission was defined as the absence of signs of T2DM without ongoing treatment for \>5 years. Durable remission and lack of recurrence were observed more commonly among patients of younger age and those treated with diet or oral antidiabetic agents only, while weight regain was a significant, albeit weak, predictor of T2DM recurrence \[[@B78-ijerph-16-03171]\].

A number of scoring systems have been developed in an attempt to integrate patient-related factors associated with the probability of T2DM remission into prognostic models \[[@B79-ijerph-16-03171]\]. Using data from a retrospective cohort study of RYGB-treated obese patients with T2DM, Still et al. identified four preoperative clinical variables (insulin treatment, patient age, HbA1c and type of antidiabetic agents), which were integrated into a scoring system (DiaRem score) to calculate the probability of T2DM remission (partial or complete as defined by the ADA) 5 years after surgery. The calculation of DiaRem score stratifies individuals within 5 categories of ascending score, providing a probability of remission achievement \[[@B77-ijerph-16-03171]\]. The DiaRem score is a practical clinical tool and has undergone external validation \[[@B80-ijerph-16-03171],[@B81-ijerph-16-03171],[@B82-ijerph-16-03171]\]. Although its application cannot be directly extrapolated to types of surgery other than RYGB, there is limited data supporting its applicability to VSG and possibly also to AGB \[[@B83-ijerph-16-03171],[@B84-ijerph-16-03171]\]. Aron-Wisnewsky et al. added two more factors to DiaRem (duration of T2DM and number of glucose-lowering agents) and generated the Ad-DiaRem score, which has improved prognostic accuracy especially among individuals in the mid-range of DiaRem \[[@B85-ijerph-16-03171],[@B86-ijerph-16-03171]\].

Notably, most available evidence suggests that baseline preoperative BMI is not predictive of glycemic improvement after surgery \[[@B87-ijerph-16-03171],[@B88-ijerph-16-03171]\], although a minority of reports suggest a more modest effect on T2DM remission for individuals in the overweight or obesity grade I range, compared with their morbidly obese counterparts \[[@B89-ijerph-16-03171],[@B90-ijerph-16-03171]\]. This observation has potential implications regarding the current BMI-centered criteria of eligibility for bariatric surgery \[[@B11-ijerph-16-03171]\]. To date however, this matter remains largely unresolved.

Regarding the effects of different types of surgery on the probability of T2DM remission, it is widely accepted that the efficacy of surgical modalities in order of descending magnitude is BPD, RYGB, VSG and finally AGB, which parallels the magnitude of excess weight loss expected from each procedure \[[@B63-ijerph-16-03171],[@B88-ijerph-16-03171],[@B91-ijerph-16-03171],[@B92-ijerph-16-03171]\]. In addition, the different effects between RYGB and VSG in achieving T2DM remission may be partly accounted for by differential effects on specific aspects of T2DM pathophysiology, such as postprandial dysmetabolism. Of note, RYGB has shown superior efficacy compared to VSG in improving postprandial hyperglycemia and hypertriglyceridemia in morbidly obese patients, at least in the short term \[[@B93-ijerph-16-03171]\]. The relative contribution of weight loss and other weight loss-independent mechanisms to achievement of T2DM remission after each type of surgery is not always possible to quantify.

7. Sources of Heterogeneity in Reported T2DM Remission Rates among Studies {#sec7-ijerph-16-03171}
==========================================================================

The reported results regarding the success rate in inducing T2DM remission vary significantly among different studies, even among those performing the same surgical procedure. There are multiple sources of heterogeneity contributing to these discrepancies. The most obvious relates to the definition used to describe T2DM remission. In general, the remission endpoints of most studies include the restoration of glycemia to non-diabetic levels in the absence of active pharmacotherapy, but even this is not universally the case, as in the STAMPEDE trial \[[@B51-ijerph-16-03171]\]. The cut-off values for FPG and HbA1c used in different studies also vary considerably ([Table 1](#ijerph-16-03171-t001){ref-type="table"}). The most stringent criteria are those introduced by the ADA consensus panel in 2009 \[[@B38-ijerph-16-03171]\]. Pournaras et al. conducted a retrospective analysis of data from 209 patients with T2DM undergoing bariatric surgery and reported lower T2DM remission rates using the ADA definition of complete remission compared with the previously applied criteria (HbA1c \< 6% or FPG \< 100 mg/dL). In the case of RYGB, this difference was found to be statistically significant \[[@B94-ijerph-16-03171]\]. A small prospective study by Mas-Lorenzo et al. yielded similar results \[[@B95-ijerph-16-03171]\]. Based on the above, the uniform application of the ADA remission criteria in future studies may attenuate this source of bias.

The different duration of follow up may also affect the reported rates of T2DM remission in different studies. The peak weight loss effects of bariatric surgery are typically observed between 12 and 18 months following surgery \[[@B96-ijerph-16-03171],[@B97-ijerph-16-03171]\]. Since several individuals regain a proportion of their lost body weight in the long term, a factor which may lead to T2DM relapse, differences in the time points of postoperative evaluation between studies are bound to have an effect on the reported results.

When T2DM remission rates after surgery are reported in comparison to a control intervention, the exact nature of the non-surgical treatment (lifestyle and/or medical T2DM management), its intensity (intensive management vs. routine care) or even the absence of a comparator intervention (i.e., age-, gender- and BMI- matched untreated control subjects) should be all taken into consideration \[[@B48-ijerph-16-03171],[@B51-ijerph-16-03171],[@B52-ijerph-16-03171],[@B68-ijerph-16-03171],[@B70-ijerph-16-03171]\]. It should be also considered whether the same measures have been also applied in the surgical arm additionally to surgery \[[@B51-ijerph-16-03171],[@B59-ijerph-16-03171]\].

Furthermore, differences in study population characteristics may account for some degree of variability in the reported results. This is particularly true for the features known to affect T2DM remission rates after surgery; differences regarding participants' T2DM duration, age, preoperative glycemic control and the type of treatment may have a significant impact on the observed outcomes. Finally, the sample composition regarding the relative representation of different ethnic groups may also affect the observed effects of surgery on T2DM remission \[[@B98-ijerph-16-03171],[@B99-ijerph-16-03171]\].

8. Effect of Bariatric Surgery on Chronic T2DM Complications, Mortality and Quality of Life {#sec8-ijerph-16-03171}
===========================================================================================

Available data support the notion that bariatric surgery is associated with lower overall mortality and a lower incidence of both microvascular and macrovascular complications of T2DM \[[@B49-ijerph-16-03171],[@B67-ijerph-16-03171]\]. A retrospective study by Coleman et al. that included data on 4683 obese individuals with BMI \> 35 kg/m^2^ and T2DM who underwent bariatric surgery (RYGB, VSG or AGB) concluded that those who experience T2DM remission after either type of surgery have a 29% lower probability of developing diabetic microvascular disease compared to refractory cases \[[@B100-ijerph-16-03171]\]. Moreover, the rate of microvascular complications was lower even among those in which T2DM recurred after an initial remission, with a 19% reduction of complication rate for each year spent in remission, suggesting the presence of a legacy effect of bariatric surgery regarding microvascular complications \[[@B100-ijerph-16-03171]\]. However, most available evidence is derived from observational studies, and RCTs designed to address the effects of surgery on diabetes complications are currently lacking. [Table 3](#ijerph-16-03171-t003){ref-type="table"} reviews the evidence regarding the effect of bariatric surgery on diabetes-related complications derived from observational and randomized-controlled studies of bariatric surgery.

In the retrospective cohort study by Adams et al. among severely obese individuals, RYGB was found to reduce all-cause mortality by 40% compared with age-, sex-, and BMI-matched controls, after a median follow-up of 7.1 years. A substantial benefit was noted regarding mortality due to diabetes, with a reduction of 92% in diabetes-related deaths \[[@B70-ijerph-16-03171]\]. In a recent meta-analysis of studies conducted among individuals with T2DM, bariatric surgery was associated with significantly reduced mortality (odds ratio (OR) 0.34) and rate of macrovascular complications (OR 0.38) in comparison to medical treatment \[[@B101-ijerph-16-03171]\]. It is not clear however to what extent these benefits can be attributed to better glycemic control (including remission of T2DM) rather than to weight loss per se and/or improvements in other cardiometabolic risk factors following surgery. In a Swedish retrospective study that included 6132 obese subjects with T2DM who underwent RYGB and an equal number of medically managed controls matched on age, sex and BMI, the authors noted 49%, 58% and 59% relative risk reductions for non-fatal myocardial infraction, all-cause and cardiovascular mortality \[[@B102-ijerph-16-03171]\]. Subsequent causal mediation analysis within the same cohort, however, showed that these effects are mediated through sustained weight loss rather than return to amelioration of other known risk factors, including hyperglycemia \[[@B103-ijerph-16-03171]\]. Given that the causal nature of the relationship of hyperglycemia to macrovascular complications and mortality is not nearly as straightforward as that regarding microvascular disease, the relative contribution of the return to euglycemia to these findings is often impossible to quantify.

Likewise, regarding quality of life (QOL), there is an overall consensus for a beneficial effect of bariatric surgery on various measurable QOL aspects, although it is not obvious whether this is a result of restoration of euglycemia or weight loss. In the SOS cohort, the observed longitudinal trends regarding all QOL domains except anxiety following surgery were found to correlate with changes in body weight over time \[[@B104-ijerph-16-03171]\]. Five-year outcomes in the study by Mingrone et al. ascertained statistically significant improvement in all physical and emotional aspects assessed in both surgical arms compared to controls \[[@B73-ijerph-16-03171]\], whereas the reported beneficial effects during the five-year follow up in the STAMPEDE trial were somewhat more modest and focused on components of physical health \[[@B72-ijerph-16-03171]\]. [Table 3](#ijerph-16-03171-t003){ref-type="table"} includes an overview of the chief studies evaluating the impact of bariatric surgery on quality of life in patients with T2DM.

9. Short- and Long-Term Risks {#sec9-ijerph-16-03171}
=============================

Early (30-day) perioperative mortality for bariatric surgery is estimated in the range of 0.1--1.1%, with higher rates for BPD and open vs. laparoscopic procedures \[[@B106-ijerph-16-03171],[@B107-ijerph-16-03171],[@B108-ijerph-16-03171]\] with a likewise lower rate for laparoscopic modalities regarding early surgical-related morbidity (such as pulmonary embolism, respiratory failure, renal events, sepsis, acute coronary syndromes, gastrointestinal bleeding, surgical wound infection or dehiscence) \[[@B106-ijerph-16-03171],[@B109-ijerph-16-03171]\]. Long-term complications include internal and incisional hernias, intra-abdominal adhesions, anastomotic strictures and ulcers, kidney and biliary lithiasis, nutritional deficiencies and psychiatric complications \[[@B109-ijerph-16-03171]\]. Long-term malnutrition issues are of particular importance, and manifest as a result of reduced nutrient intake or excessive vomiting and/or impaired absorption. Due to the risk of complications related to micronutrient deficiency, such as anemia, peripheral neuropathy or loss of bone mass, nutritionist follow up is of crucial importance following surgery and chronic, often lifetime supplementation of nutritional supplements is warranted following procedures with a significant malabsorptive component \[[@B110-ijerph-16-03171]\]. Psychological well-being following surgery is a complex issue. A recent nation-wide study in Sweden reported a 33% increase of any psychiatric diagnosis among RYGB patients compared to age-, sex- and BMI-matched controls \[[@B111-ijerph-16-03171]\]. Certain psychiatric components, however, such as depressive symptoms, may be beneficially affected by surgery \[[@B112-ijerph-16-03171]\]. Individuals undergoing RYGB are at high long-term risk of alcohol and substance abuse \[[@B111-ijerph-16-03171],[@B113-ijerph-16-03171],[@B114-ijerph-16-03171]\]. Self-harm and suicide rates in this population are significantly higher in this population compared to the general population \[[@B113-ijerph-16-03171],[@B115-ijerph-16-03171]\]. A recent meta-analysis reported a pooled prevalence of suicide of 0.3% following bariatric surgery \[[@B116-ijerph-16-03171]\]. Additionally, suicide rates were found to be higher among surgically treated individuals compared to medically managed controls in the SOS cohort and the Scandinavian Obesity Surgery Registry cohort, with the observed risks being independent of the outcome on weight loss \[[@B117-ijerph-16-03171]\]. Although the absolute risk of death from suicide is substantially low compared to the overall survival gains following surgery \[[@B70-ijerph-16-03171]\], a careful preoperative psychiatric evaluation and post-operative follow-up is warranted, especially for individuals with a background of psychiatric spectrum disorders and/or a positive history of self-harm behavior.

Advanced age should not by itself preclude individuals from receiving surgical T2DM treatment, since early perioperative mortality and morbidity does not seem to be substantially affected by a patient age of 40 years and above \[[@B118-ijerph-16-03171]\]. Older patients (\> 60 years) seem to benefit from clinically significant weight loss and improvements in obesity-related comorbidities \[[@B119-ijerph-16-03171],[@B120-ijerph-16-03171],[@B121-ijerph-16-03171]\], but should be subjected to thorough preoperative evaluation and overall risk assessment, similarly to younger age groups.

10. Remission of T2DM after Bariatric Surgery: Fact or Fiction? {#sec10-ijerph-16-03171}
===============================================================

The constantly increasing understanding of the complex pathophysiologic cascade leading to the development of T2DM, paralleled by advances in medical treatment and accumulating expertise in the field of bariatric surgery, have gradually resulted in a shift in the view of T2DM from a "treatable" towards a "potentially curable" chronic condition. Of crucial importance and particularly challenging is to establish what defines a "cure" of T2DM and to which extent this term can be used interchangeably with a prolonged restoration of euglycemia or T2DM "remission", which is undeniably more feasible to objectify.

This is not merely a matter of reproducible and standardized reporting of study results. The statement that a chronic medical condition is cured may exert profound effects on the person that is "cured" in multiple aspects, namely psychosocial, financial, and most importantly, medical. In the case of T2DM, this is extremely significant; on the one hand, a "cure" does not confer "immunity" and a future relapse is always a possibility. On the other hand, T2DM should be viewed as an important risk factor rather than only a disease, since it represents a health condition from which serious and often life-threatening complications may originate, often many years after its onset.

Should a sustained remission be considered essentially equivalent to cure, T2DM may be considered a curable condition. This can also be achieved through intensive lifestyle management, as demonstrated in the Look AHEAD and DiRECT trials \[[@B18-ijerph-16-03171],[@B55-ijerph-16-03171]\], or more rarely by routine medical care in community settings \[[@B122-ijerph-16-03171]\]. However, an overwhelming body of evidence from observational and randomized studies has shown that T2DM remission is achieved in a substantially greater frequency and predictability through bariatric surgery compared to any tested non-surgical comparator. In other words, while bariatric surgery is not the sole existing therapy for T2DM, it is by far the most effective available "curative" option for T2DM. Alongside these unequivocal clinical benefits, the most widely used surgical modalities aiming at T2DM control come with small, albeit existent risk of short and long-term adverse effects. The demonstration of a dramatic decrease in diabetes-related mortality following bariatric surgery \[[@B70-ijerph-16-03171]\] and the documented favorable effects exerted on the probability of chronic diabetic complications leave little room for doubt over the risk-to-benefit ratio profile \[[@B123-ijerph-16-03171]\] of bariatric surgery for T2DM treatment. Furthermore, surgical approaches are likely to be cost-effective strategies in the long term \[[@B124-ijerph-16-03171],[@B125-ijerph-16-03171],[@B126-ijerph-16-03171],[@B127-ijerph-16-03171],[@B128-ijerph-16-03171]\].

A tailored therapeutic scheme for T2DM should aim to minimize the long-term complications and improve the quality of life of affected individuals. The available evidence suggests that this can be achieved after bariatric surgery, in parallel with substantial weight loss and improvement of glycemic control. Available evidence points towards the idea that, should T2DM remission be achieved following surgery, there is a substantial decrease in the rate of chronic diabetic complications irrespective of a potential future recurrence \[[@B100-ijerph-16-03171]\]. However, even when complete remission (by whichever definition) is not achieved, clinically significant improvements in glycemic control after bariatric surgery are expected to confer a lower risk of chronic complications and reduced medication needs \[[@B73-ijerph-16-03171],[@B77-ijerph-16-03171]\].

Currently, the potential benefits of a wide-scale integration of bariatric surgery in standard diabetes care is hindered by the poor penetration that surgical therapeutic options share in T2DM management. Even though there is still a lack of data derived from populations of individuals with T2DM, estimates in the United States show that just over 1% of a total of approximately 18 million individuals with class III obesity currently undergo bariatric surgery \[[@B13-ijerph-16-03171]\]. The identification of preoperative patient-level characteristics that signify the cases with the highest probability of being refractory may divert selected individuals towards more aggressive and effective surgical procedures, and hence improve the overall risk-to-benefit efficacy of the surgical approach to T2DM treatment.

In summary, although the claim that bariatric surgery is a definitive cure for diabetes would be an overstatement, the fact that it is to date by far the best "curative" tool for T2DM is far from fiction. Novel and upcoming medications, targeting the mechanisms through which bariatric surgery can lead to weight loss and metabolic amelioration (i.e., gut-peptide receptor single or multiple agonists), may constitute a notable competitor for surgery in the near future. Besides, the first positive results regarding the applicability of integrated surgical and gut-peptide mimetic medical therapeutic approaches for the most refractory or relapsed cases of T2DM have already emerged in the medical literature \[[@B129-ijerph-16-03171]\].
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ijerph-16-03171-t001_Table 1

###### 

Major studies reporting type 2 diabetes mellitus (T2DM) remission rates after surgical or lifestyle interventions and the respective remission criteria.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                                             Study Population Characteristics     Study Design              Intervention            T2DM Remission Endpoint
  ----------------------------------------------------------------- ------------------------------------ ------------------------- ----------------------- ---------------------------------------------------------------------------
  Pories et al. (1995) \[[@B42-ijerph-16-03171]\]                   morbidly obese, T2DM, prediabetes    Retrospective cohort      RYGB                    "Normal" levels of FPG, HbA1c

  Wittgrove et al. (2000) \[[@B43-ijerph-16-03171]\]                Morbidly obese                       Prospective cohort        RYGB                    Medication withdrawal and "normal" HbA1c

  Dixon et al. (2002) \[[@B44-ijerph-16-03171]\]                    BMI \> 35 kg/m^2^, T2DM              Prospective cohort        AGB                     "Normal" levels of FPG, HbA1c, fasting insulin, c-peptide

  Sugerman et al. (2003) \[[@B45-ijerph-16-03171]\]                 Morbidly obese                       Retrospective cohort      GBP                     FPG ≤ 120 mg/dL off medication

  Schauer et al. (2003) \[[@B46-ijerph-16-03171]\]                  morbidly obese, T2DM                 Prospective cohort        RYGB                    "Normal" levels of FPG, HbA1c, medication withdrawal

  Scopinaro et al. (2005) \[[@B47-ijerph-16-03171]\]                obese, T2DM                          Retrospective cohort      BPD                     FPG \< 110 mg/dL, ≥ 125 mg/dL for relapse

  Dixon et al. (2008) \[[@B48-ijerph-16-03171]\]                    BMI 30--40 kg/m^2^\                  RCT                       AGB                     FPG \< 126 mg/dL, HbA1c \< 6.2% off medication
                                                                    T2DM duration \< 2 years                                                               

  Studies after ADA consensus panel definition (2009)                                                                                                      

  Iaconelli et al. (2011) \[[@B49-ijerph-16-03171]\]                BMI \> 35 kg/m^2^\                   Open case-control         BPD                     ADA definition \#
                                                                    newly diagnosed T2DM                                                                   

  Kehagias et al. (2011) \[[@B50-ijerph-16-03171]\]                 BMI \< 50 kg/m^2^                    RCT                       VSG, RYGB               Glucose values below diabetic range during 2h-OGTT, off medication

  Schauer et al. (2012) (STAMPEDE) \[[@B51-ijerph-16-03171]\]       BMI ≥ 30 kg/m^2^\                    RCT                       VSG, RYGB               HbA1c \< 6%
                                                                    uncontrolled T2DM                                                                      

  Mingrone et al. (2012) \[[@B52-ijerph-16-03171]\]                 BMI ≥ 5 kg/m^2^\                     RCT                       BPD, RYGB               FPG \< 100 mg/dL and HbA1c \< 6.5% off medication for ≥ 1 year
                                                                    T2DM duration ≥ 5 years, HbA1c ≥7%                                                     

  Carlsson et al. (2012) (SOS cohort) \[[@B53-ijerph-16-03171]\]    BMI ≥ 30 kg/m^2^                     Prospective cohort        RYGB, AGB or VBG        FPG \< 110 mg/dL off medication

  Adams et al. (2012) \[[@B54-ijerph-16-03171]\]                    BMI ≥ 35 kg/m^2^                     Prospective cohort        RYGB                    "Normal" levels of FPG, HbA1c off medication

  Gregg et al. (2012) (Look AHEAD) \[[@B55-ijerph-16-03171]\]       BMI ≥ 25 kg/m^2^                     RCT                       ILI                     FPG \< 126 mg/dL and HbA1c \< 6.5%\
                                                                                                                                                           off medication

  Arteburn et al. (2013) \[[@B56-ijerph-16-03171]\]                 T2DM                                 Retrospective cohort      RYGB                    ADA definition \#

  Liang et al. (2013) \[[@B57-ijerph-16-03171]\]                    BMI ≥ 25 kg/m^2^\                    RCT                       RYGB, exenatide         Normal FPG, HbA1c off medication
                                                                    T2DM duration 5--10 years                                                              

  Arteburn et al. (2013) \[[@B58-ijerph-16-03171]\]                 BMI ≥ 35 kg/m^2^\                    Retrospective cohort      RYGB, AGB, VSG, other   FPG \< 126 mg/dL and/or HbA1c\<6.5% off medication for ≥90 days
                                                                    T2DM                                                                                   

  Wentworth et al. (2014) \[[@B59-ijerph-16-03171]\]                BMI 25--30 kg/m^2^                   RCT                       AGB                     Glucose values below diabetic range during 2h-OGTT, 2 days off medication

  Courcoulas et al. (2014) \[[@B60-ijerph-16-03171]\]               BMI 30--40 kg/m^2^                   RCT                       AGB, RYGB               ADA definition \#

  Halperin et al. (2014) \[[@B61-ijerph-16-03171]\]                 BMI 30--42 kg/m^2^\                  RCT                       RYGB                    FPG \< 126mg/dL and HbA1c \< 6.5%
                                                                    T2DM duration ≥ 1 year                                                                 

  Risstad et al. (2015) \[[@B62-ijerph-16-03171]\]                  BMI 50--60 kg/m^2^                   RCT                       RYGB, BPD               ADA definition \#

  Yska et al. (2015) \[[@B63-ijerph-16-03171]\]                     BMI ≥ 35 kg/m^2^                     Retrospective cohort      RYGB, VSG, AGB, other   HbA1c \< 6% off medication

  Cummings et al. (2016) (CROSSROADS) \[[@B64-ijerph-16-03171]\]    BMI 30--45 kg/m^2^                   RCT                       RYGB                    HbA1c \< 6% off medication

  Purnell et al. (2016) (LABS-2) \[[@B65-ijerph-16-03171]\]         BMI ≥ 30 kg/m^2^                     Prospective cohort        RYGB, AGB               HbA1c \< 6.5% or FPG ≤ 6.9 mmol/L\
                                                                                                                                                           off medication

  Salminen, et al. (2018) (SLEEVEPASS) \[[@B66-ijerph-16-03171]\]   Morbidly obese                       RCT                       VSG, RYGB               ADA definition \#

  Lean et al. (2018) (DiRECT) \[[@B17-ijerph-16-03171]\]            BMI ≥ 30 kg/m^2^                     RCT                       ILI                     HbA1c \< 6.5%, at least 2 months off medication

  Madesin et al. (2019) \[[@B67-ijerph-16-03171]\]                  BMI ≥ 35 kg/m^2^                     Population-based cohort   RYGB                    HbA1c \< 6.5% off medication or\
                                                                                                                                                           HbA1c \< 6% on metformin monotherapy
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ADA: American Diabetes Association; AGB: adjustable gastric banding; BMI: body mass index; BPD: biliopancreatic diversion; FPG: fasting plasma glucose; GBP: gastric bypass; ILI: intensive lifestyle intervention; OGTT: oral glucose tolerance test; RCT: randomized clinical trial; RYGB: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; SOS: Swedish Obese Subjects; T2DM: type 2 diabetes mellitus; VBG: vertical banded gastroplasty. \# See [Section 4](#sec4-ijerph-16-03171){ref-type="sec"} for definition.

ijerph-16-03171-t002_Table 2

###### 

Pre-operative, patient-level factors that predict diabetes remission following bariatric surgery, identified among different studies.

  Study                                                            Factors Predicting Remission                                                                                                                                       Factors Exerting a Neutral Effect
  ---------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------
  Pories et al. (1995) \[[@B42-ijerph-16-03171]\]                  Shorter T2DM durationYounger age                                                                                                                                   
  Dixon et al. (2002) \[[@B44-ijerph-16-03171]\]                   Shorter diabetes duration                                                                                                                                          
  Schauer et al. (2003) \[[@B46-ijerph-16-03171]\]                 Better pre-operative glycemic controlAbsence of insulin treatmentShorter diabetes duration                                                                         
  Dixon et al. (2008) \[[@B48-ijerph-16-03171]\]                   Better pre-operative glycemic control                                                                                                                              Sex, age, baseline BMI, baseline C-peptide level, time spent engaged in planned physical activity
  Schauer et al. (2012) (STAMPEDE) \[[@B51-ijerph-16-03171]\]      Shorter T2DM duration                                                                                                                                              Age, sex, insulin use pre-op, baseline BMI, HbA1c, C-peptide, CRP, BP, lipids
  Mingrone et al. (2012) \[[@B52-ijerph-16-03171]\]                Baseline triglyceride concentration                                                                                                                                
  Carlsson et al. (2012) (SOS cohort) \[[@B53-ijerph-16-03171]\]   Shorter T2DM duration, use of oral antidiabetic agents vs. no use, lower baseline glucose                                                                          Age, sex, baseline BMI, baseline insulin treatment
  Gregg et al. (2012) (Look AHEAD) \[[@B55-ijerph-16-03171]\]      Shorter diabetes durationBetter pre-operative glycemic controlAbsence of insulin treatment                                                                         Age, sex, race, baseline BMI, antihypertensive treatment, history of cardiovascular disease (CVD)
  Arteburn et al. (2013) \[[@B56-ijerph-16-03171]\]                Male sexShorter T2DM durationBetter pre-operative glycemic controlNo use of oral antidiabetic agents or insulin treatment on baseline                              Age
  Arteburn et al. (2013) \[[@B58-ijerph-16-03171]\]                Younger ageShorter T2DM durationNo use of oral antidiabetic agents or insulin treatment on baselineBetter pre-operative glycemic controlHigher baseline BMI        Sex
  Cummings et al. (2016) (CROSSROADS) \[[@B64-ijerph-16-03171]\]                                                                                                                                                                      Age, sex, baseline BMI, diabetes duration, insulin usage
  Purnell et al. (2016) (LABS-2) \[[@B65-ijerph-16-03171]\]        Shorter diabetes durationBetter pre-operative glycemic controlNo insulin treatment (AGB \> RYGB)Baseline weight (AGB)Preserved insulin secretory function (RYGB)   Baseline BMI (RYGB)Preserved insulin secretory function (AGB)
  Madesin et al. (2019) \[[@B67-ijerph-16-03171]\]                 Younger ageShorter diabetes durationBetter pre-operative glycemic controlNo use of oral antidiabetic agents or insulin treatment on baseline                       SexCharlson comorbidity indexHistory of depression or other psychiatric disorders

BMI: body mass index; T2DM: diabetes mellitus type 2; AGB: adjustable gastric banding; RYGB: Roux-en-Y gastric bypass.

ijerph-16-03171-t003_Table 3

###### 

Reported effects of bariatric surgery on the occurrence of chronic diabetes complications and impact on quality of life.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                                             Follow up            Diabetes Complications                                                                                                                                                            Quality of Life \*
  ----------------------------------------------------------------- -------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Dixon et al. (2002) \[[@B44-ijerph-16-03171]\]                    1 year                                                                                                                                                                                                 (Beck's depression inventory, SF-36)\
                                                                                                                                                                                                                                                                           Significant improvements in depression\
                                                                                                                                                                                                                                                                           Significant improvement on physical health subscales

  Schauer et al. (2003) \[[@B46-ijerph-16-03171]\]                  20 months (median)   50% (self-reported) improvement in diabetic neuropathy symptoms                                                                                                                   

  Schauer et al. (2000) \[[@B105-ijerph-16-03171]\]                 16.9 months\                                                                                                                                                                                           (Moorehead-Ardelt QOL Questionnaire) Quality of life 58% greatly improved, 37% improved, 5% no change
                                                                    (mean)                                                                                                                                                                                                 

  Iaconelli et al. (2011) \[[@B49-ijerph-16-03171]\]                10 years             All cases with microalbuminuria at baseline regressed by year 10. 2 new cases. Prevalence increased in the control group; 39.2% vs. 9% new nephropathy cases\                     
                                                                                         4 major CV events vs. none                                                                                                                                                        

  Schauer et al. (2012) (STAMPEDE) \[[@B51-ijerph-16-03171]\]       5 years              No effect on ophthalmologic outcomes vs. conservative treatment\                                                                                                                  (SF-36) Significant improvements in both surgical groups in the physical functioning, general health, and energy--fatigue subscales.\
                                                                                         Significantly lower albumin-to-creatinine ratio from baseline in the SG group vs. conservative\                                                                                   Emotional well-being worsened significantly among patients in the gastric bypass group
                                                                                         No change in albuminuria status in any group                                                                                                                                      

  Mingrone et al. (2012) \[[@B73-ijerph-16-03171]\]                 5 years              5 major diabetic complications in the medically treated group (including 1 fatal myocardial infarction) vs. one in the RYGB arms                                                  (SF-36) Better scores in physical and emotional aspects of QOL in both surgical arms compared to the medically treated arm

  Carlsson et al. (2012) (SOS cohort) \[[@B53-ijerph-16-03171]\]    18 years             Reduced rates of chronic diabetes complications in the surgical vs. control groups (HRs 0.44 and 0.65 for incident microvascular and macrovascular complications, respectively)   

  Karlsson et al. (2007) (SOS cohort) \[[@B104-ijerph-16-03171]\]   10 years                                                                                                                                                                                               (SOS quality of life survey) at 0.5, 1, 2, 3, 4, 6, 8 and 10 years.\
                                                                                                                                                                                                                                                                           Substantial early gain trends in QOL that parallel weight loss. Net gains at 10 years in all QOL domains. Greater improvements in social interaction in surgical than conventional arm at 10 years.\
                                                                                                                                                                                                                                                                           Better overall mood scores in surgical group up to 2 years post op. Significantly better depression outcomes in surgical group vs. conventional at 10 years. Non-significant improvement in anxiety scores by year 10.

  Adams et al. (2012) \[[@B54-ijerph-16-03171]\]                    6 years                                                                                                                                                                                                (SF-36)\
                                                                                                                                                                                                                                                                           Marked improvement in physical QOL components compared to controls. No significant changes in mental QOL components

  Halperin et al. (2014) \[[@B61-ijerph-16-03171]\]                 1 year                                                                                                                                                                                                 (SF-36, PAID, EQ-5D, IWQOL)\
                                                                                                                                                                                                                                                                           No significant differences between RYGB and intensive lifestyle management in components of SF36, PAID, EQ-5D. Greater improvement in IWQOL in RYGB correlated with BMI change

  Risstad et al. (2015) \[[@B62-ijerph-16-03171]\]                  5 years                                                                                                                                                                                                (SF-36)\
                                                                                                                                                                                                                                                                           Similar improvements for RYGB and BPD in components of the SF36 and Obesity--related Problems Scale

  Cummings et al. (2016) (CROSSROADS) \[[@B64-ijerph-16-03171]\]    1 year                                                                                                                                                                                                 (EQ-5D)\
                                                                                                                                                                                                                                                                           Similarly significant QOL improvements for RYGB and ILMI

  Salminen et al. (2018) (SLEEVEPASS) \[[@B66-ijerph-16-03171]\]    5 years                                                                                                                                                                                                (Moorehead-Ardelt QOL questionnaire)\
                                                                                                                                                                                                                                                                           Similar improvements regarding QOL in VSG and RYGB

  Madesin et al. (2019) \[[@B67-ijerph-16-03171]\]                  5 years              47% lower risk of microvascular complications in RYBG vs. controls\                                                                                                               
                                                                                         Statistically non-significant 24% reduction in macrovascular complications in RYGB vs. controls                                                                                   
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* Text in parentheses indicate the quality of life assessment instrument used. QOL: quality of life; BMI: body mass index; BPD: biliopancreatic diversion; RYGB: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; SOS: Swedish Obese Subjects; SF-36: Short Form (36) Health Survey; PAID: Problem Areas In Diabetes scale; EQ-5D: EuroQol-5D instrument; IWQOL: Impact of Weight on Quality of Life questionnaire.
